Abstract Although aging is commonly linked to a reduction in joint range of motion, it is unclear if all body joints behave similarly. To address this issue, the main purpose of this study was to compare age-related loss of mobility of seven body joints. A total of 6,000 participants (3,835 men and 2,165 women) aged 5 to 92 years took part in this study. The maximal passive range of motion of 20 movements was evaluated by Flexitest, and each movement was scored from 0 to 4. Composite scores were obtained for each of seven joints and for overall flexibility (Flexindex (FLX)) by adding individual movement scores. Confirming previous findings, FLX systematically decreased with aging (p<.001), with female participants being more flexible for all ages (p<0.001) and having a more gradual, 0.6 % vs. 0.8 %/year, age reduction (p<.001). Starting at 30 and 40 years, respectively, for male and female participants, the relative contribution of each composite joint score to FLX dramatically changed. Shoulder contribution to FLX male's score went from 13.9 % at 28 years of age to only 5.2 % at 85 years of age. In general, proportionally, shoulder and trunk became less flexible, while elbow and knee mobility was preserved to a greater extent. Our findings indicated that age-related loss of mobility is rather joint-specific, which could be related to distinct routine usage patterns of the major body joints along life.
Introduction
Progressive aging of the human population has triggered a growing interest in the study of physical fitness and age. Since the 1940s, flexibility has been recognized as part of physical fitness (Cureton 1941) , and several classic studies (Beighton et al. 1973; Boone and Azen 1979; Kendall and Kendall 1948; Leighton 1955; Roaas and Andersson 1982; Roach and Miles 1991; Wells and Dillon 1952) have included a flexibility assessment as part of a functional evaluation of subjects in selected age groups.
Although stretching exercises are routinely included in about all health and performance-oriented exercise programs (Garber et al. 2011) , flexibility has been much less studied than other fitness variables, which, at least in part, may reflect the limited number of evaluation methods. While the sit-and-reach test, proposed about 60 years ago (ACSM 2009; Wells and Dillon 1952) , is still the most widely used, most of the simple composite (multijoints or multimovements) flexibility tests have been historically criticized and seem to portend limited utility in clinical and athletic settings (Bozic et al. 2010; Harris 1967; Holland 1968; Jackson et al. 1998 ). However, it is possible that many of these previous limitations or constraints of older flexibility assessment protocols were overcome by the Flexitest (Araújo 1986 (Araújo , 2003 , which comprises passive measurements of maximal range of motion in 20 body movements and generates an overall flexibility score called Flexindex (FLX) .
In a scientific context, flexibility may be defined as the maximum physiological passive range of joint (Araújo 2003) . On the other hand, range of motion is specific to a given joint and a movement (Corbin 1984; Cureton 1941; Dickinson 1968; Harris 1969) . And so, it is possible to be quite flexible in one movement at a given joint and, at the same time, presenting with a very poor mobility in other joint movements (Dickinson 1968; Harris 1969) . While there is no question that range of motion tends to diminish with aging (Araújo 2008; Barnes et al. 2001; Beighton et al. 1973; Doriot and Wang 2006; Intolo et al. 2009; Roach and Miles 1991) , it is still unclear if all major joints behave similarly and if so, what is the rate of loss along the years. In this context, using a large set of Flexitest data, the main objective of this study was to assess if the rate of age-related mobility loss differs among several major body joints.
Methods

Sample
Data obtained from 1978 to 2011 (33 years) in our research labs were retrospectively analyzed. The subjects were evaluated either at their own request (or legal guardians, when under 18 years of age) or by referral of their attending physicians. The vast majority of them lived in Rio de Janeiro city, were white, and belonged to the upper socioeconomic and educational/cultural strata from the Brazilian population. Starting from all 7,850 subjects that had their flexibility assessed, we carefully excluded those formally engaged in sports competitions or professional dancing, physically handicapped and/or having a registry of abnormal joint motion related to specific acute or chronic diseases. Data from a single evaluation of the remaining 6,000 subjects (3,835 males/2,165 females and hereafter named participants, between 5 and 92 years of age (42.6±22 years of age; mean ± standard deviation) were studied. The age of the participants was normally distributed for both sexes (Fig. 1) .
Protocol
Passive range of motion in 20 body movements was assessed by Flexitest protocol that is described in detail elsewhere (Araújo 2003; Araújo and Chaves 2005; Brito et al. 2013; Chaves et al. 2002) , including age and sex-specific percentile curves (Araújo 2008) . Briefly, results obtained from the Flexitest are dimensionless and presented as points, with no linear or angular unit featured. It consists of the assessment of the maximum passive range of motion of 20 body joint movements, encompassing the ankle: dorsal and plantar flexion (two); knee: flexion and extension (two); hip: flexion, extension, adduction, and abduction (four); "trunk" (for simplicity, considered as a single joint): anterior and lateral flexion and extension (three); wrist: flexion and extension (two); elbow: flexion and extension (two); and shoulder: posterior abduction from a 180°of adduction, posterior adduction, posterior extension, and lateral and medial rotations (five) joints. Eight assessed movements are in the lower limbs, three are related to the trunk, and the remaining nine are in the upper limbs. For each of the movements, there are five possible scores to rate flexibility, graded from 0 to 4 in a crescent mobility order, meaning that a wider range of motion is scored higher. Once the maximum tolerable amplitude is reached, it is compared with the evaluation maps (see example in Fig. 2) . A numerical score is ascribed whenever the amplitude reached equals that in the standard evaluation map. For instance, when the amplitude reaches position 2 of the map, score 2 is given until the maximum range of motion reaches the level of score 3. There is no fractional or intermediate score neither does the scoring take into account the closest grade of the scale. For bilateral movements, only the measurements for the right side of the body are used. A modified sequence of movements is used minimizing changes in body posture. In some instances, especially for older subjects or those that were more unfit, there was a partial adaptation in the original Flexitest protocol, avoiding the "lying down in the floor" position, which was replaced with movements either at the orthostatic position or lying down in an examining bed. It is relevant to consider that, for the sake of standardization, no previous warm-up is allowed. The time taken to apply the test varies according to the evaluator's experience and the condition of the subject being assessed, but it typically lasts 3 to 5 min.
According to the scale of measurement and the way that each one of the 20 evaluation maps were designed, data following a Gaussian distribution centering on score 2, with scores 1 and 3 less common and the extreme scores, 0 and 4, quite rare. So it is valid to add together the results of each of the 20 movements to obtain an overall flexibility or joint mobility index, called the Flexindex (FLX), representing a major advantage over other methods such as goniometry, where this is not possible. Additionally, there are no so-called ceiling and floor effects for FLX often seen with other flexibility tests, as, for example, the Beighton-Horan joint laxity test [9] , since the maximum extreme values (0 and 80) have never actually obtained. Intraclass correlation coefficients were used to assess reliability in different settings: in summary, intra-observer r values ranged from .78 to .99 (median of .93 for the 20 movements) and went up to .99 for FLX scores. Considering interobserver reliability, slightly although highly significant r values of .95 were found to FLX scores (Araújo 2003) . Long-term clinical practice has shown that experienced evaluators tend to agree in scoring 18 or 19 of the 20 movements, and the difference between judgments is never above one point. Concurrent validity of the Flexitest was assessed against sit-and-reach and Beighton-Horan tests by using 30 subjects from 2 to 54 years of age with FLX scores ranging from 35 to 68 and r values were .40 and .91, respectively. Corroborating the recognized limitations of the sit-and-reach test for overall assessment of body flexibility, there were no significant association (r=.26) between the results of Beighton-Horan and sit-and-reach (Araújo 2003; Silva et al. 2000) .
For this study, besides the calculation of FLX, two other approaches were undertaken, allowing a direct comparison of flexibility scores amongst different joints. Initially, the Flexitest scores for each individual movement in a given joint were summed and then standardized by dividing this sum by the number of movements for each individual joint (e.g., four to hip, five to shoulder, etc.). In sequence, the individual contribution of each one of these seven standardized joint scores to the FLX was expressed as a percent of total and analyzed according to age and separately by sex. Using these approaches, we were able to directly compare the flexibility profile of each joint despite their differences in the number of movements assessed.
All flexibility measurements included in this 33 years of retrospective analysis were carried out by just four exercise and sports medicine physicians and three physical educators highly experienced in using the Flexitest. Following the Flexitest's protocol, no warm-up exercise was provided before the actual measurement. For practical reasons, it was not possible to standardize the time of the day for the evaluation of the 6,000 participants; however, previous data from our laboratory has indicated a quite small circadian variability (Araújo 2003) .
For the Flexitest's evaluations carried out between 1978 and 1993, there were no obligations to obtain informed consent according to the country's federal laws. Starting in 1994, all subjects (if minors, the legal guardians) read and signed an informed consent form and agreed in being submitted to the Flexitest. All testing procedures and retrospective data analyses were formally approved by an institutional research and ethics committee. 
Statistical analysis
Descriptive statistics were calculated for the Flexitest data, 20 individual movements and FLX, separated by sex. The frequency of two specific combinations of scores, 0 and 4, in the assessment of the flexibility of the 20 movements, was obtained for all participants. Both visual inspection of FLX's data plotting and best curve-fitting modeling directed us to perform linear regression analysis between FLX and age for both sexes. Subsequently, the results of the joint motion profile with aging were also studied by linear regression analysis, by relating the corresponding joint standardized percent contribution to the FLX (sum of the seven standardized joint scores equal to 100 %) to age expressed in years, separately for both sexes, and their slopes compared. For this, the mean percent of the FLX standardized score for each one of the seven joints was calculated at specific age groups, at 5-year intervals (except for a 7-year grouping in the oldest group, 85-91 years old), comprising a total of 17 age groups. Linear regression slopes were compared, and the Runs test was used to assess the adequacy of linearity of the models. The chi-square statistic was computed for comparing frequencies of presence or absence of extreme scores in participants of both sexes. The relationship between variables was assessed by Pearson correlation. The significance level was set at 5 % of probability. All calculations were performed and figures prepared by Prism 5.04 (GraphPad Software, Inc., USA).
Results
In this sample of 6,000 participants (36 % women) aged 5 to 98 years, FLX scores ranged from 6 to 76 points, being 6 to 71 points and 11 to 76 points, respectively, for male and female participants. The highest sex-specific FLX scores were found, respectively, in a 6-year-old boy and a 7-year-old girl. The interquartile range of FLX (third quartile minus first quartile) increased from approximately 6 points at childhood to 10 to 12 points at early adulthood, and then tended to plateau. For the whole sample, FLX scores followed a Gaussian distribution and both the mean and median were 41 points. In separate assessments according to sex, means and medians were 36 for male subjects and 47 for female subjects.
There was a clear trend for diminishing flexibility with aging (p<.001). Female participants tended to be more flexible from childhood to seniority (p<.001), and their age decay was significantly slower as compared to male participants. Specifically, the yearly average reduction in FLX score was somewhat faster, 0.6 % and 0.8 %, for female as compared to male participants (p<.001). Linear regression analysis between FLX and age (years) provided significant r 2 values (p<.001), which were of 0.59 for male and 0.52 for female participants (see Fig. 3 ).
A mode of score 2 and all possible scores, i.e., 0 to 4, were observed for all of the 20 individual movements evaluated. The presence of 0 and 4 scores in at least one of the body movements evaluated were identified in 2,078 (34.6 %) and 4,248 (76.7 %) of the participants, respectively. There was a clear age trend for the frequency of those extreme scores, with 0 scores being more commonly found in the oldest participants and 4 scores more often seen in children of both sexes. Table 1 shows the most relevant results derived from the linear regression analysis and from the Runs test used to evaluate the relationship between percent FLX standardized scores, and age. Slopes, expressed as percent of change in the FLX standardized score/year of age, demonstrated a very similar pattern for both sexes with a more pronounced decay in trunk and shoulder joint measurements, minimal changes along the years for the ankle, wrist, and hip measurements, and a proportional increase in the contribution of knee and elbow scores to overall flexibility (FLX). On the other hand, Runs test results permitted us to note that there were significant deviations from a linear model from the percent of FLX standardized score versus age expressed in years for some of the joints analyzed in this study, most notably the hip and wrist scores for participants of both sexes. A visual inspection of mean percent of standardized FLX score for each one of the seven joints at various ages shown in Fig. 4 , men at the upper panel and women at the lower panel, demonstrated that values remained stable until approximately 30 and 40 years of age, respectively, for male and female participants. For example, if all the joints equally contributed to FLX, the percent of standardized FLX score would be 14.3 % (100 %/seven joints). Assessing the data for male participants, the shoulder's percent of standardized FLX score was about 13.9 % at 6 years of age, remained about constant in 13.8 % at 28 years of age and then substantially dropped, achieving a value of 11.1 % at 58 years of age and 5.2 % at 85 years of age, with a very similar pattern for female participants. 
Discussion
To the best of our knowledge, this is the largest and most comprehensive flexibility study ever performed, and its results demonstrate several novel findings. Most of the literature relating flexibility and age were obtained using active measurements, in which there are several confounding variables such as subject's muscle strength and motivation to reach a true maximal range of motion. Previously applied passive techniques, such as goniometry, have been applied in relatively small samples (Soucie et al. 2011) and are very limited to assess trunk mobility. In addition to the large sample size, the exclusion of participants with locomotor disabilities and competitive athletes, the wide age range, the inclusion of participants of both sexes, and the number of body joint movements assessed makes the current investigation particularly impactful. Thus, these results may, within the limitations of sample characteristics, be extended for similar populations. An interesting feature of this study is the use of the Flexitest, a dimensionless flexibility assessment protocol. Flexitest's intra-and interobserver reliabilities have been thoroughly evaluated (Araújo 2003) , favorably contrasted with other methods used for joint range of motion assessment (Silva et al. 2000) , and it has been used in several research studies (Araújo 2008; Araújo and Araújo 2004; Araújo and Chaves 2005; Brito et al. 2013 Brito et al. , 2012 Chaves et al. 2002; Coelho and Araújo 2000; Nobrega et al. 2005; Signorelli et al. 2012a, b; Silva et al. 2000) . Flexitest also presents several positive features, such as easiness by which mastering the measurement technique is achieved, standardization of no previous warming up routine, and the relatively short time for evaluation. In addition, no equipment or large space is needed, and detailed age and sex-specific norms are easily available (Araújo 2002 (Araújo , 2003 (Araújo , 2008 .
Similar to several previous studies that have used different populations and methods for joint range of motion assessment (Beighton et al. 1973; Boone and Azen 1979; Roach and Miles 1991; Salter 1955; Soucie et al. 2011) , it was found that flexibility is significantly reduced with age for both sexes. However, the rate of decline is slightly but significantly slower for female as compared to male participants, which is a particularly novel finding of the current investigation. While the biological reasons for this finding are still unclear and out of the scope of the current study, in this context, the female's flexibility advantage is quite small or minimal for pre-pubertal children and progressively increases towards seniority.
Of course, overall flexibility decay is not fully explained by aging in both males and females. In reality, just 50-60 % of the FLX variability was explained by age. It is highly possible that adoption of a less active lifestyle starting at the first years of adult life and increasing in prevalence to middle age and then to seniority contributes for this result. As a matter of fact, as it also occurs with other physical fitness attributes, flexibility variability substantially increases with age, which is plausibly related to large differences in regular physical activity/exercise patterns.
On the other hand, it should be emphasized that there are also some limitations in our study, including the specific demographic characteristics of the sample, the cross-sectional rather than an ideal longitudinal design, and the lack of detailed information regarding regular physical activity pattern of the participants evaluated. Notwithstanding, it is very plausible to hypothesize that these limitations have not affected the core of the interpretation of the data, particularly given the large sample size.
A recent and very comprehensive systematic review showed that flexibility can be improved by specific training; however, according to these authors, there are several constraints in the 22 studies analyzed that preclude obtaining a more definitive answer, regarding if these benefits are transformed in better functional outcomes for older adults (Stathokostas et al. 2012) . Although, by reading their data, indeed, it can be identified that most studies are relatively short (few weeks long) and that flexibility was most often assessed by multicomposite tests, such as sit-andreach, which, in our opinion, may compromise the interpretation of the information. While it is widely recognized that to have some degree of range of motion in the major body joints is needed for performing most of the daily living activities, such as sitting and rising from the floor (Brito et al. 2013) , an ability that have been recently shown to be predictive of all-cause mortality in middle age and older adults (Brito et al. 2012) , it is still unknown what the ideal overall flexibility level for health is (Jackson et al. 1998) or if there is a cutoff value for FLX regarding personal autonomy. There are some evidence that low levels of flexibility could be related to risk of falls in older adults, leading the authors to recommend that flexibility training be a priority for those subjects (Menz et al. 2006; Dai et al. 2012) . Distinctly from aerobic fitness, for which it seems that there is an upper limit for improvement that can be considered to be harmful or unhealthy, especially for middle-aged subjects (Myers 2002) , the same does not always occur with flexibility (Gleim and McHugh 1997) . In reality, extremely high levels of joint mobility, such as those often associated with hypermobility, are often indicative of some connective tissue disorders (Araújo and Chaves 2005; Grahame and Hakim 2008) and seem to predispose individuals to injury (Gleim and McHugh 1997) . So, it seems that the relationship between flexibility and health is more likely U-shaped, with extremely low and high values being considered adverse. Although, flexibility or stretching routines are currently recommended as part of an exercise session, surprisingly the prescription tend to be general and non-individualized. On the other hand, more often these exercises are included at the end of the session, attempting to avoid potential deleterious effects on strength performance (Costa et al. 2011 (Costa et al. , 2010 Gleim and McHugh 1997; Rubini et al. 2007) .
In a clinical context, while scores of 0 and 1 in the Flexitest assessment should be selected for improvement in the range of motion in an individualized prescription of a routine of flexibility exercises, it can be suggested that those movements scored as 4 in the Flexitest should not be targeted for systematic stretching training. This is especially true for subjects that are not regularly engaged in competitive sports or dance activities, as it was the case of our participants. In practical terms, it seems that there are no benefits for health in being hypermobile in many joints or body movements.
Focusing in the main objective of this study, our data clearly show that, starting at the fourth or fifth decade of life, loss of flexibility with aging is faster in some of the major body joints as compared to others. Similar trends for both sexes, indicating that the trunk and shoulders are the ones most affected by aging. Additionally, these data further corroborate the well-established concept of specificity for flexibility and also reinforces the recommendation that for an adequate evaluation of flexibility in subjects of various age groups, the maximal range of motion should be quantified in several movements and in many different joints in order to get a more precise and unbiased overall appraisal (Araújo and Araújo 2004) .
At this stage of discussion, some other points should be commented. In reality, since most of the degenerative conditions tend to occur in distal joints, especially in the knee and hand joints, missing a subclinical condition or disease in the participants would tend to bias our data for an even larger difference, since knee mobility was one of the less affected by age. Additionally, it should be recognized that the anatomical factors limiting the range of motion varied from one joint to other and even for different movements in the same joint. While our study was not aimed to determine the mechanism behind this profile, it can be speculated that extreme range of motion positions in the movements of these two most affected joints-shoulder and trunk-are rarely performed in daily living conditions, which may predispose to a more accelerated reduction in the maximal range of motion for their various movements. On the other hand, the relatively faster decay in the mobility of shoulder and trunk could be speculated to contribute negatively to the ability to recover from an abrupt loss of balance and then precipitating a fall.
Interestingly, there is some recent evidence showing that the elbow and knee joints were less prone to improve their range of motion after a 10-week strength training program in middle-aged women as compared to shoulder and trunk movements (Monteiro et al. 2008) . This finding could be due to the fact that these former joints were already positioned in daily living near their maximal range of motion when compared to the shoulder and trunk joints. Notwithstanding, surely further studies are needed to determine the practical relevance of joint specificity for age-related loss of mobility, as demonstrated by our data, in order to refine rehabilitation recommendations and exercise prescription guidelines for general and, particularly, for the older population.
Unfortunately, there is currently no other available study that is similar to ours that would allow for a direct comparison of results. Likely, the closest one is a recent paper (Soucie et al. 2011 ) that has reported passive goniometry of 11 movements at five different joints from 600 men and women 2 to 69 years of age (their data tables are freely available from www.cdc.gov/ normaljoints). However, these authors did not run any joint comparisons with aging, precluding a more objective comparison with our data.
In summary, Flexitest assessment of 20 body movements from seven major joints in 6,000 participants of both sexes (a total of 120,000 flexibility measurements) further advances the concept that there is a significant trend for an aging loss of mobility by showing that this reduction in mobility is rather jointspecific, which is suggested to be related to different patterns of daily living usage. Considering our results, it is interesting to consider specifically age-guided prescription of stretching exercise routines for middleaged and older subjects, emphasizing these body joints that are more susceptible to a faster age loss of mobility. Although, theoretically logical, this very practical approach should be validated by future long-term observational studies or randomized trials combining serial flexibility assessments and an age-guided stretching exercise prescription.
